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652Objective: The purpose of the present study was to determine the effect of different clamping strategies during
coronary artery bypass grafting on the incidence of postoperative stroke.
Methods: In the present case-control study, all patients at Emory hospitals from 2002 to 2009 with postoperative
stroke after isolated coronary artery bypass grafting (n¼ 141) were matched 1:4 to a contemporaneous cohort of
patients without postoperative stroke (n¼ 565). The patients were matched according to the Society of Thoracic
Surgeons’ predicted risk of postoperative stroke score, which is based on 26 variables. The patients who received
on-pump and off-pump coronary artery bypass grafting were matched separately. Multiple logistic regression
analysis with adjusted odds ratios was performed to identify the operative variables associated with postopera-
tive stroke.
Results: Among the on-pump cohort, the single crossclamp technique was associated with a decreased risk of
stroke compared with the double clamp (crossclamp plus partial clamp) technique (odds ratio, 0.385; P¼ .044).
Within the on-pump cohort, no significant difference was seen in the incidence of stroke according to clamp use.
Epiaortic ultrasound of the ascending aorta increased from 45.3% in 2002 to 89.4% in 2009. From 2002 to 2009,
clamp use decreased from 97.7% of cases to 72.7%.
Conclusions: During on-pump coronary artery bypass grafting, the use of a single crossclamp compared with
the double clamp technique decreased the risk of postoperative stroke. The use of any aortic clamp decreased and
epiaortic ultrasound use increased from 2002 to 2009, indicating a change in the operative technique and surgeon
awareness of the potential complications associated with manipulation of the aorta. (J Thorac Cardiovasc Surg
2014;147:652-7)Coronary artery bypass grafting (CABG) is the most
commonly performed operation by cardiothoracic sur-
geons. Postoperative stroke is a rare but major cause of
morbidity and mortality in patients undergoing CABG.
Several operative techniques have been used in attempts
to minimize the detrimental morbidity and mortality as-
sociated with postoperative stroke. Because increased
ascending aortic manipulation has been proposed as the
primary mechanism of postoperative cerebral atheroemb-
olism, the focus has concentrated on innovative tech-
niques to minimize manipulation of the ascending aorta.e Clinical Research Unit, Division of Cardiothoracic Surgery, Emory Univer-
chool of Medicine, Atlanta, Ga.
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The Journal of Thoracic and Cardiovascular SurgPostoperative stroke occurs in approximately 2% of
CABG cases.1,2 Survival among CABG patients at both 1
and 5 years has been significantly reduced in patients who
have had a postoperative stroke compared with those who
have not.3 Furthermore, postoperative stroke is also a major
source of increased healthcare costs. Compared with those
without a postoperative stroke, an additional $19,000 in
hospital costs have been attributed to patients with a postop-
erative stroke.4 Moreover, in patients with a postoperative
stroke and 2 or more complications, more than $58,000 in
additional hospital costs has been reported.4
Most CABG procedures in the United States are
performed with cardiopulmonary bypass support. Two dif-
ferent clamping strategies have been used for the construc-
tion of the proximal aortocoronary anastomoses: single
clamping or double clamping. With off-pump coronary ar-
tery bypass (OPCAB), a partial clamp is frequently used
for construction of the proximal anastomoses. However,
a clampless approach is possible with facilitating devices
(Heartstring; Maquet Cardiovascular, San Jose, Calif) or
anastomotic connectors. These devices can be selectively
deployed on relatively disease-free portions of the aorta to
minimize the risk of atheroembolism. Therefore, the pur-
pose of the present study was to test the hypothesis that aor-
tic clamping was associated with an increased risk of stroke.
Furthermore, we wanted to determine the effect of theery c February 2014
Abbreviations and Acronyms
CABG ¼ coronary artery bypass grafting
ONCAB ¼ on-pump coronary artery bypass
OPCAB ¼ off-pump coronary artery bypass
PROPS ¼ predicted risk of postoperative stroke
STS ¼ Society of Thoracic Surgeons
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anastomoses on the incidence of postoperative stroke.METHODS
Patients
The Emory University’s institutional Society of Thoracic Surgeons
(STS) Adult Cardiac Database was queried for all patients (cases) with
postoperative stroke after isolated, primary CABG. The control patients
were selected from the entire cohort without postoperative stroke. All con-
secutive patients from January 1, 2002 to December 31, 2009 were in-
cluded in the database query.
Design
The present study was a retrospective, single-center, case-control study.
A case-control study design was chosen because the operative details of the
aortic clamping methods are not currently available in the STS database.
The operative reports were reviewed and detailed data collected about
the surgical strategy, including an on-pump or off-pump approach, details
about the aortic clamping methods, and the extent of aortic atherosclerosis
measured using epiaortic ultrasound. These data were then merged with the
STS database to produce the complete data set. The institutional review
board at Emory University, in compliance with the Health Insurance Porta-
bility and Accountability Act regulations and the Declaration of Helsinki,
approved the present study. The institutional review board waived the need
for individual patient consent.
Exclusions
Patients undergoing concomitant cardiac operations, redosternotomy, or
emergency CABG were excluded from the study.
Matching Algorithm
A predicted risk of postoperative stroke (PROPS) score, as part of the
STS database, is calculated using 26 preoperative variables believed to
be associated with an increased risk of postoperative stroke. The PROPS
score has been identified as a reliable predictor of postoperative stroke
by Shroyer and colleagues.5 The control patients were matched to the pa-
tients in a 1:4 ratio using the PROPS score and whether the patient under-
went ONCAB or OPCAB. Because the effect of an on- versus off-pump
strategy on the incidence of postoperative stroke was not the goal of the
present study, the use of CABGwas used as part of the matching algorithm.
The ONCAB control patients were matched to the ONCAB patients and the
OPCAB control patients to the OPCAB patients. An optimal matching al-
gorithm was used that was designed to identify the best cutpoint for a con-
tinuous variable.6 The optimal matching algorithm was used as a SAS
macro that defined a distance measure between the patients and control pa-
tients according to the PROPS score. The control patient chosen for each
case patient was the one closest to the patient in terms of the distance mea-
sure produced by the optimal matching algorithm. This algorithm sequen-
tially matched each patient with stroke with the potential nonstroke control
patients by calculating the multivariate distance between the patients usingThe Journal of Thoracic and Cathe 26 variables that constitute the PROPS. The algorithm chooses the set
of matches that minimizes the sum of the multivariate distances across all
possible sets of matches.
Surgical Technique
For the entire cohort, the overall effect of any aortic clamping was ex-
amined for the entire cohort. For the ONCAB patients, the 2 most common
clamping strategies were the single crossclamp and double crossclamp
techniques. Another on-pump CABG strategy used by the surgeons in-
cluded on-pump beating heart CABG. In the present cohort, 25 patients un-
derwent on-pump beating heart CABG; 15 of these had the proximal
anastomoses performedwith a partial occluding clamp and 10with a Heart-
string device. Only 1 CABG was performed under cold fibrillatory arrest.
For all other on-pump cases, either a single clamp or double clamp tech-
nique was used.
For patients undergoing OPCAB, the strategies examined in the present
study were the use of a partial-occluding clamp, the use of clampless facil-
itating devices, and the ‘‘no-touch’’ technique, which involves the use of in
situ arterial grafts (no aortocoronary proximal anastomoses). A ‘‘no-
touch’’ aortic technique was used in 45 OPCAB patients.
Epiaortic Ultrasound
At Emory University, all patients currently undergoing cardiac opera-
tions routinely have the aorta evaluated using epiaortic ultrasound. It has
been gradually adopted since its implementation in 2002 for patients in
whom a clamp is being considered, making it the current standard of
care within our institution. It is the test of choice for identifying atheroscle-
rotic lesions within the aorta, and it is superior to transesophageal echocar-
diography and palpation alone.7-9 Preoperative imaging with computed
tomography is another option. Before the aorta is manipulated, patients
undergo an epiaortic ultrasound examination to grade the amount of
atherosclerotic disease within the ascending aorta according to the
thickness and presence of mobile atheroma. The aorta is graded from 1
to 5: 1, normal (<2 mm thickness); 2, minimal disease (2-3 mm); 3,
moderate disease (3-5 mm); 4, severe disease (>5 mm); and 5, the
presence of mobile plaque within any portion of the ascending aorta.
Outcome
The incidence of postoperative stroke was the primary outcome of the
present study. Stroke was defined as a new, focal, permanent neurologic
deficit found on clinical examination diagnosed by an attending neurologist
and confirmed with either brain computed tomography or magnetic reso-
nance imaging. The clinical and radiologic examinations were used to dif-
ferentiate stroke from transient ischemic attack or postoperative delirium.
Statistical Analysis
A conditional logistic regression analysis was performed to evaluate the
effect of clamp versus no-clamp on the occurrence of postoperative stroke,
controlling for matching factors (PROPS and pump) and epiaortic grade.
The epiaortic grade was controlled for as both an ordinal (1, 2, 3, 4, and
5) and a dichotomous (1-2 vs 3-5) variable in the regression analysis.
The analysis was also performed without controlling for epiaortic grade,
because its use was not ubiquitous until recently. In addition, the effect
of different clamping or nonclamping strategies within the ONCAB and
OPCAB patients and control patients was evaluated using conditional lo-
gistic regression analysis. In the original model, which studied the associ-
ation of any clamping strategy with postoperative stroke incidence, the
potential preoperative confounding variables were controlled for by the
matching algorithm for the PROPS score (Table 1). The effect of cardiopul-
monary bypass, or an on-pump technique, as a potential confounder was
also controlled for in the matching strategy, because the patients were
matched separately to the control patients according to whether an on- or
off-pump strategy was used. To determine whether the year of surgeryrdiovascular Surgery c Volume 147, Number 2 653
TABLE 1. Preoperative demographic data
Variable
Postoperative stroke
P valueYes (n ¼ 141) No (n ¼ 565)
Age (y) 65.7  10.6 66.8  10.3 .65
Male gender 82 (58.2) 353 (62.5) .35
Body mass index (kg/m2) 29.0  6.9 28.7  6.5 .62
Preoperative stroke 33 (29.7) 103 (20.6) .04
Cerebrovascular disease 44 (31.2) 161 (28.6) .54
Hypertension 127 (90.1) 504 (89.4) .81
Diabetes 70 (49.7) 256 (45.4) .36
Renal insufficiency 16 (11.4) 57 (10.1) .67
History of smoking 59 (63.4) 330 (69.8) .23
Left main disease 35 (25.0) 187 (33.3) .06
Previous myocardial infarction 50 (53.8) 260 (55.0) .83
Peripheral vascular disease 34 (24.1) 109 (19.4) .21
Arrhythmia 18 (12.8) 70 (12.4) .90
PROPS score (%) 2.6  2.2 2.6  2.2 .93
Data presented as mean  standard deviation or n (%). PROPS, Predicted risk of
postoperative stroke.
TABLE 2. Comparison according to pump strategy
Analysis* OR 95% CI
On-pump double clamp (crossclamp
plus partial clamp) vs single clamp
2.60 1.03-6.67 (P ¼ .044)
Off-pump partial clamp vs off-pump
Heartstring
1.46 0.49-4.4
Off-pump partial clamp vs no clamp
(Heartstring plus no touch)
1.21 0.48-3.03
OR, Odds ratio; CI, confidence interval. *Controlled for epiaortic grade.
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cations of the model.
Within each subset of operative strategy (on- or off-pump), separate
models were developed to determine the association of different clamping
strategies on the incidence of postoperative stroke, controlling for the
PROPS score and epiaortic grade. Within the ONCAB group, a double
clamping strategy was compared with a single crossclamp strategy. Within
the OPCAB group, a partial-clamping strategy was compared with a Heart-
string-only strategy and a partial-clamping strategy was compared with
a no-clamp strategy (Heartstring vs no-touch technique).
In addition to the logistic regression analysis, descriptive analyses were
performed to be able to assess the trends in clamp use and the trends in risk
profiles and epiaortic use. All analyses were performed using SAS, version
9.2 (SAS Institute, Cary, NC). All comparisons were made at the 0.05 alpha
level.TABLE 3. Clamp use according to epiaortic grade
Epiaortic grade No clamp (n ¼ 79) Clamp (n ¼ 446) Total
0 3 (42.9) 4 (57.1) 7
1 12 (3.8) 303 (96.2) 315
2 10 (7.8) 118 (92.2) 128
3 25 (59.5) 17 (40.5) 42
4 15 (83.3) 3 (16.7) 18
5 14 (93.3) 1 (6.7) 15
Data presented as n (%).RESULTS
The patients and control patients were selected from a to-
tal cohort of 10,054 consecutive patients who underwent
primary isolated CABG at Emory University hospitals.
From this cohort, 141 cases (1.4%) of postoperative stroke
were identified. From the remaining patients, 565 control
patients (patients without postoperative stroke) were se-
lected using the matching algorithm. Epiaortic ultrasound
was not performed in 181 patients (25.6%) included in
the present study.
Multiple logistic regression modeling was performed
with the effect of pump strategy (on- vs off-pump), PROPS
score, and epiaortic grade controlled for in the model for the
entire cohort (ONCAB and OPCAB patients). When the ep-
iaortic gradewas controlled for as an ordinal variable (grade
1-5) in the logistic regression analysis, the odds ratio for
postoperative strokewas estimated at 1.19 (95% confidence
interval, 0.53-2.67) for the use of any aortic clamp. With the
epiaortic grade controlled for as a dichotomous variable
(low-grade, grade 1-2; high-grade, grade 3-5), the odds ratio654 The Journal of Thoracic and Cardiovascular Surgwas 1.46 (95% confidence interval 0.60-3.56). Because this
excluded 181 patients in whom epiaortic ultrasound was not
performed, the analysis was also performed without con-
trolling for epiaortic grade to include all patients in the
study. The estimated odds ratio for the latter analysis was
1.28 (95% confidence interval 0.76-2.17).
Within the ONCAB cohort, the double-clamp technique
was associated with a increased risk of postoperative stroke
compared with the single crossclamp technique (odds ratio,
2.60; P ¼ .044; Table 2). When a history of preoperative
stroke was included in the regression model, the increased
risk of stroke with the double-clamp technique was in-
creased (odds ratio, 3.29; P ¼ .05). Within the OPCAB co-
hort, no difference was found between partial clamping and
no clamping (Table 2).
Epiaortic ultrasound grading was performed in 525 pa-
tients (74.4%): 450 (85.7%) had grade 1 to 2 aortic disease
and 75 (14.3%) had grade 3 to 5 disease (Table 3). In pa-
tients with epiaortic grade 3, 4, and 5, a clampless technique
was used in 59.5%, 83.3%, and 93.3%, respectively. In pa-
tients with epiaortic grade 1 and 2, a clampless technique
was used in only 3.8% and 7.8%, respectively. Epiaortic ul-
trasound use showed a trend for increased use from 45.3%
in 2002 to 89.4% in 2009 (Figure 1). Clamp use in general
showed a trend for decreased use from 97.7% in 2002 to
72.7% in 2009 (Figure 2). In the 15 patients with grade 5
aortic disease, a clampless approach was used in 14 pa-
tients; no postoperative stroke occurred among any of the
grade 5 patients. Among the 114 patients with postoperative
stroke who had undergone epiaortic ultrasound examina-
tions, 70 (22.2%) had grade 1 aortic disease, 27 (21.1%)
had grade 2, 9 (21.4%) had grade 3, 4 (22.2%) had grade
4, and no patient had grade 5 aortic disease. The year ofery c February 2014
FIGURE 1. Trends in epiaortic ultrasound use at Emory University hospitals for isolated coronary artery bypass grafting.
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cantly associated with the risk of postoperative stroke. Fur-
thermore, surgeon identity was evaluated in the analysis and
was also associated with the risk of postoperative stroke.
The PROPS score ranged from 2.0 to 3.1 and did not signif-
icantly change during the study period.
DISCUSSION
Postoperative stroke continues to be a major complica-
tion after CABG. Although aortic manipulation remains
the most important risk factor associated with postoperative
stroke, other risk factors include female gender, advancedFIGURE 2. Trends in clamp use by year at Emory Universi
The Journal of Thoracic and Caage, previous stroke, postoperative atrial fibrillation, carotid
stenosis, hypertension, and diabetes.1,2,10-14 Studies have
shown that 50% to 75% of all strokes after CABG are
embolic2 and are discovered within 24 hours after surgery.
Through the use of transcranial Doppler ultrasonography,
it has been shown that emboli are produced during aortic
cannulation and clamping.15-19 Thus, minimizing aortic
manipulation by eliminating cannulation and clamping
might decrease the incidence of postoperative stroke by
decreasing the production of emboli.
In a study by Hannan and colleagues,20 49,830 patients
from the New York state registry underwent risk-adjustedty hospitals for isolated coronary artery bypass grafting.
rdiovascular Surgery c Volume 147, Number 2 655
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Danalysis (Cox proportional hazard models and propensity
analysis) comparing the outcomes after OPCAB versus
ONCAB. In that study, the OPCAB patients had signifi-
cantly lower 30-daymortality and a lower incidence of post-
operative stroke. However, the mechanisms responsible for
the observed reduction in postoperative stroke were not de-
fined. OPCAB obviates the need for cardiopulmonary by-
pass; however, 2 recent meta-analyses did not show
a reduction in postoperative stroke in low-risk patients.21,22
This might have been related to the use of a partial clamp on
the ascending aorta during construction of the proximal
anastomoses. One study did report a lower incidence of
postoperative stroke in patients undergoing OPCAB
without aortic manipulation compared with patients
undergoing OPCAB with partial clamping and patients
undergoing ONCAB.23 Moreover, Hammon and col-
leagues24 reported a reduced incidence of postoperative
neuropsychological deficits in patients undergoing single
crossclamp compared with double-clamp ONCAB or pa-
tients undergoing OPCAB with partial clamping.
Avoiding partial clamping during construction of proxi-
mal anastomoses in OPCAB cases can be achieved by per-
forming proximal anastomoses to in situ arterial grafts or
using proximal anastomotic connectors or facilitating de-
vices such as the Heartstring proximal anastomosis system,
both of which can be performed without a partial aortic
clamp. In a randomized clinical trial evaluating the PAS-
Port proximal anastomotic connector (Cardica, Redwood
City, Calif) versus construction of hand-sewn proximal
anastomoses with partial clamping, all the reported strokes
occurred in patients in whom an aortic clamp was used.25 In
previous work at our institution, we randomized 57 OPCAB
patients with mild ascending aortic disease to receive either
partial clamping (n ¼ 28) or the Heartstring clampless de-
vice (n¼ 29) for proximal graft construction on the ascend-
ing aorta. Continuous transcranial Doppler monitoring was
used intraoperatively to monitor embolic signals in the mid-
dle cerebral arteries, signifying embolic events. The number
of embolic signals was significantly lower in the Heartstring
group than in the partial-clamping group (50.8  36.6 vs
90.0  64.0; P ¼ .007).26 Two delayed clinical strokes
were observed in the clamping group, with none in the
Heartstring group. However, the study was not powered to
detect clinically significant events.26 These preliminary
data add to the growing body of evidence that minimizing
aortic manipulation by avoiding an aortic clamp could be
a valuable tool to reduce atheroembolic cerebral events.27-29
In the present study, the primary goal was to determine
the association of clamping strategies with the incidence
on postoperative stroke. Although controversial, no clear
consensus has been reached on the association between
the use of cardiopulmonary bypass and the incidence of
postoperative stroke. Both cardiopulmonary bypass use
(pump strategy) and epiaortic grade were controlled for in656 The Journal of Thoracic and Cardiovascular Surgthe analysis, because both were believed to play a role in
the incidence of postoperative stroke. Because matching
was done within treatment type (ie, OPCAB patients were
matched to OPCAB control patients), this reduced the po-
tential bias associated with treatment type. The main differ-
ence was that an on-pump strategy mandates at least some
degree of aortic manipulation, but a strategy of minimal ma-
nipulation is possible with an off-pump approach, by either
no manipulation or using clampless facilitating devices.
Overall, the aortic clamping strategy did not have a statisti-
cally significant effect on the incidence of postoperative
stroke. This did not change when the epiaortic grade was
controlled for either as an ordinal or a dichotomous variable
or was omitted altogether from the analysis. However, within
the subgroup of ONCAB patients, a significant association
was found with postoperative stroke. The double clamp,
on–pump strategy had a 2.5-fold increased risk of postopera-
tive stroke compared with the single crossclamp technique,
even after controlling for epiaortic grade. Although not
statistically significant, a trend was seen toward a greater
risk of stroke in the patients undergoingOPCABwith a partial
clamping strategy than with the no-clamp strategy.
The interpretation of these results can be explained by
several limitations. Although the case-control design
made data collection possible by limiting the review of op-
erative notes to 706 patients, the sample size might have
been inadequate to detect statistically significant differ-
ences among the various clamping strategies. To make
this a cohort instead of a case-control study design, the op-
erative notes of more than 10,000 patients (the sample from
which this case-control study was obtained) would have re-
quired review. Because the overall incidence of postopera-
tive stroke in the present cohort was relatively low (<2%)
detecting differences in clamping strategies was difficult.
In addition, because the control patients were matched to
patients with a postoperative stroke using the PROPS score,
the stroke risk might have been limited to those patients
with certain variables that might have place them at greater
risk of stroke. Furthermore, controlling for epiaortic grade
might have further limited the results, because this variable
was incomplete and precluded analysis of patients who had
not undergone epiaortic ultrasound. Finally, as the descrip-
tive analyses revealed, surgeon behavior changed during the
study period, which could have introduced a bias. This
likely was influenced by data obtained from epiaortic scans,
which undoubtedly influenced surgeon behavior. Despite
controlling for stroke risk using the PROPS score, pump
strategy, and epiaortic grade, it is apparent that surgeons
used clamping less frequently toward the end of the study
period compared with at the beginning. Furthermore, the
surgeons were unlikely to use clamping methods in patients
with high-grade aortas, which might have minimized the ef-
fect of aortic clamping on the incidence of stroke because
these aortas were rarely clamped. This change in approachery c February 2014
Daniel et al Acquired Cardiovascular Disease
A
C
Dlikely reflected a selection bias on the perceived risk of post-
operative stroke associated with aortic clamping, especially
in patients with advanced aortic disease found by epiaortic
ultrasound. Although the risk profile of patients did not
change appreciably during the study period, the use of epi-
aortic ultrasound and clamping did. This reflected the sur-
geons’ belief that clamping high-grade aortas was
associated with greater atheroembolic stroke risk. The
lack of an increase in stroke according to epiaortic grade
can be interpreted in 2 ways: (1) that the epiaortic grade
does not influence the risk of stroke or (2) that the stroke in-
cidence did not increase in higher grade aortas because
changes in strategy occurred as result of the epiaortic data
available with this modality of testing. An additional limita-
tion of the present study was that the timing, etiology, and
type of postoperative stroke was not defined, because this
outcome was attained from the STS database.
Approximately 80% of CABG cases in the United States
are performed on-pump, and the results from the present
study support the use of the single crossclamp technique
compared with the double clamp strategy to decrease the in-
cidence of postoperative stroke in patients undergoing pri-
mary, isolated, nonemergent CABG. From our results, it
is still unclear whether patients undergoing clamping during
OPCAB have an increased risk of postoperative stroke com-
pared with those undergoing clampless strategies. Addi-
tional research investigating the effect of clamping
strategies during CABG or other cardiac operations could
allow for continued progress to reduce the incidence of
postoperative stroke after cardiac surgery.References
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